Clock distribution networks are an important design issue that is highly dependent on delay variations and load imbalances, while requiring power efficiency. Existing mesh solutions significantly increase the dissipated power, whereas existing link based methods only address skew caused by variations and do not consider power consumption. The power dissipated by the inserted crosslinks within a buffered clock tree is investigated in this paper, and is shown to be a strong function of the resistance and capacitance of the crosslink. A crosslink may be power efficient despite the presence of short-circuit currents caused by multiple drivers in a non-tree clock network. The power characteristics of crosslink size and placement are also discussed, showing that the crosslink is best placed as close as possible to the target leaves of the tree. Crosslink insertion as both an alternative and complement to buffer sizing for low power skew reduction is also considered.
INTRODUCTION
Power is a primary concern in modern circuits. Clock distribution networks, in particular, are an essential part of a synchronous digital circuit and a significant power consumer. Clock distribution networks are subject to skew due to process, voltage, and temperature (PVT) variations and load imbalances. Existing skew mitigation techniques include buffer insertion and sizing [1] - [3] , wire sizing [2] - [4] , and non-tree clock networks [5] - [12] , providing alternative paths for the clock signal to Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. maintain balance. Non-tree topologies vary from a tree with a limited number of additional crosslinks [9] - [12] to a complete mesh structure [5] - [8] , where a crosslink is a wire segment that connects two tree nodes and a mesh is a set of crosslinks that connects all or a significant group of adjacent nodes within a specific level of a clock tree (see Figure 1 ). Mesh structures are designed to balance each of the clock delays at the leaves or at some intermediate level of the tree [5] - [8] . These topologies, however, increase the total wire length, resulting in higher capacitance and, consequently, significantly increased dynamic power consumption. Thus, power is traded off for skew. An ideal crosslink X, modeled as a lumped RC wire (see Figure 2 ), shorts two connected nodes, minimizing the skew between these models. In practice, crosslink X exhibits a non-zero resistance R X and capacitance C X , incurring dynamic power to charge the crosslink capacitance. caused by an unbalanced clock tree and loads and/or by PVT variations. In the case of misaligned inputs, an additional issue should be considered: short-circuit current may flow through the crosslink and the two buffers, as illustrated in Figure 2 by the dotted line, dissipating additional power. Crosslink insertion has been proposed for reducing skew variations only between those pairs of nodes that target zero nominal skew [9] - [12] . However, power aspects have not been presented in these works; notably, inserting crosslinks, which may introduce short-circuit current, has not been discussed [10] . In reality, a crosslink may be effective despite the presence of shortcircuit currents. A deeper understanding of the tradeoff between dynamic and short-circuit power and skew is the main objective of this paper and is essential for providing an effective and robust algorithm for reducing skew by inserting a crosslink. In this paper, the power dissipated by inserting a crosslink in a buffered clock tree is analyzed, particularly due to the presence of short-circuit current. The power dissipated from inserting a crosslink at different locations within a tree is determined. Crosslink insertion is also compared with buffer sizing. Note that inserting a crosslink between two nodes may increase the skew between other pairs of nodes. It can be shown, however, that this increase in skew is bounded and may be reduced by inserting additional crosslinks. In the limit, a complete mesh minimizes the overall skew, albeit at the expense of higher power.
Similarly, the authors in [12] show that given two nodes in an unbuffered clock tree, u and w, with zero nominal skew and nonzero skew variation q u,w , inserting a crosslink between u and w may increase the skew variation between two other nodes by ½q u,w . Despite the possibility of increasing the skew variation by inserting a crosslink, the authors in [12] propose an effective algorithm that significantly reduces the skew variation. Additional research [9] , [10] has extended the algorithm in [12] to buffered clock trees, also exhibiting a reduction in skew variation. The rest of the paper is organized as follows. The tradeoff between power and skew is presented in Sections 2 and 3 for the case of aligned and misaligned inputs, respectively. Crosslink placement and comparison with buffer sizing are discussed in Section 4. The paper is summarized in Section 5.
ALIGNED INPUT CLOCK TREE SEGMENTS
A simplified unbalanced non-tree clock network with aligned inputs is considered in this section. An ideal step input driving CMOS inverters is assumed in the analytic expressions. Under this assumption, a large portion of the circuit operation occurs within the linear region [14] , permitting the drivers to be modeled as resistors R O,1 and R O,2 , yielding the simplified models shown in Figure 3 . 
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The method described in [13] for computing skew within a clock tree with a crosslink between two nodes can be applied to the simplified clock tree model (CF is the crosslink factor), yielding
Equation (2) expresses the effect of the crosslink resistance R X and capacitance C X on the clock skew. Regardless of the link resistance, the first factor in (2) always decreases the skew , 1 2 1, .
The effect of the link capacitance is expressed by the second factor in (2),
which always increases the original skew . To ensure that inserting a crosslink decreases the original skew ,
To maximize the reduction in skew, a crosslink with the lowest resistance R X and capacitance C X is used. SPICE simulation and analytic results for skew reduction for different values of R X and C X are shown in Figure 4 .
The primary concern in inserting a crosslink is the increase in power dissipation. The dynamic energy consumed by the clock tree sections, shown in Figure 3 
Once a link is inserted (see Figure 3 (a)), however, the energy consumption increases. Since the energy depends linearly on the total load, the dynamic energy consumed by the load and crosslink is 2 .
Naturally, a crosslink with the lowest possible capacitance C X should be used. 
MISALIGNED INPUT CLOCK TREE SEGMENTS
In this section, a simplified balanced non-tree clock network is analyzed assuming misaligned inputs. The clock signal reaches Clk In1 T time units later than Clk In2 , so that during that time Clk In1 is high while Clk In2 has already fallen. It is further assumed that the clock tree sections are balanced and misaligned inputs is the only factor that affects the skew. Therefore, without a crosslink, the outputs are also skewed by T time units (skew = T).
The effect of inserting a crosslink on the skew and power consumption in the presence of short-circuit current is analyzed
here. An ideal crosslink (R X = C X = 0) would produce zero skew and consume no additional dynamic power. In reality, however, the crosslink consumes power and does not fully cancel the skew.
While the inputs differ (Clk In2 = 0 and Clk In1 = 1), the crosslink enables a short-circuit current to flow through R W2 , R X , and R W1
(the dotted line shown in Figure 1 ). The total current flowing through R W2 is therefore divided into two sub-currents, one charging the capacitors and the other current shorted to ground.
The current through R W1 for a step input and a slow input ramp, and for different values of R X is illustrated in Figure 5 . also switches (T = 500 ps), the current reverses direction.
Circuit models in the case of misaligned inputs for t T and t > T are shown in Figure 6 . The solution of the differential equations derived from Figure 6 (a)
,
where V 1 (t) = V ClkOut1 (t) and V 2 (t) = V ClkOut2 (t). This behavior is confirmed by the skew expressions described in [6] . Based on [6] , the skew with a crosslink is
The output voltage waveforms with and without a crosslink are presented in Figure 7 . The total energy consumed during the time interval [0,T] is
The first term of E t T in (11) represents the dissipated shortcircuit energy. The second term represents the dynamic energy used to charge the output capacitance. Note that not all of this dynamic energy is useful: the total current in the model (shown in Figure 8 ) comprises the currents that charge the output capacitors (the solid arrows in the figure), the currents that discharge the output capacitors (the dashed arrows), and the short-circuit current (the crossed arrows).
Figure 8: Current components for t T (Clk
The target value of the output voltages are V CLKOUT1 = V CLKOUT2 = 1. Only the charging currents are therefore significant. To determine the additional energy consumed for t > T, the differential equations derived from Figure  6 (b) 
where V 1 
(t) = V ClkOut1 (t) and V 2 (t) = V ClkOut2 (t).
The first term in (15) represents the short-circuit energy, which increases as R X is reduced. The second term is the dynamic energy, which increases with R X . Note that the derivative E/ R X is negative. The higher R X , therefore, the lower the energy. This characteristic agrees with SPICE simulations (see Figure 9 ). The portion of short-circuit energy as a component of the total energy decreases as well. 
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DISCUSSION
In this section, the effects of either R X or C X on the skew and energy for both aligned inputs and misaligned inputs are discussed. The relation between R X and C X is also considered.
Alternatives for placing the crosslink are presented, and the crosslinks are compared with buffer sizing in terms of power dissipation. As described in Section 2, in the case of aligned inputs, a lower R X achieves enhanced skew reduction and has no effect on the power consumption. Similarly, a lower C X decreases the skew and also dissipates less power. In the case of misaligned inputs, the following conclusions are noted: a lower R X achieves enhanced skew reduction at higher power consumption, while a lower C X does not affect the skew and dissipates less power. Given the length of a crosslink X, increasing either the width or thickness results in increased capacitance C X and reduced resistance R X . Since R X and C X are not independent for a particular wire, R X and C X cannot be concurrently reduced. In the case of aligned inputs, only dynamic power is dissipated.
Therefore, to reduce power, a lower C X and a higher R X should be used since dynamic power only depends on C X . On the contrary, for enhanced skew reduction, a lower R X should be used since the sensitivity of the skew to R X is higher than to C X (in the relevant range as shown in Figure 3 ). In the case of misaligned inputs, a higher R X and lower C X should be used to reduce the short-circuit and total power consumption. For skew reduction, however, lower values of R X should be used, since the skew in this case does not depend on C X . Alternatively, a lower R X and higher C X should be used in both cases for enhanced skew reduction at higher power. The tradeoff between skew reduction and energy consumption in 180 nm technology is demonstrated in Figure 10 for an unbalanced tree with aligned inputs and a balanced tree with misaligned inputs. Both trees incur a 40 ps skew without a crosslink. Simulations are based on technology typical models [15] . R X and C X values are calculated using closed-form formulas [16] for crosslinks with different widths in the range (0.18 um, 5.4 um). The curves demonstrate a 'knee' where a desirable combination (low skew, low power) close to the origin may be sought.
Figure 11: Crosslink insertion at different tree levels
An additional issue is where to place the crosslink within a tree. Equation (2) shows that, given aligned inputs, the skew with a crosslink is inversely proportional to R X + R av . Therefore, for enhanced skew reduction and a specific R X , the crosslink should be inserted as far as possible from the input buffers driving a section. Placing the crosslink close to the section outputs naturally increases the values of R X + R av , reducing the skew.
Since the crosslink energy for aligned inputs is not affected by the resistance, the physical placement has no effect on the power consumption. Furthermore, as shown in (10) and (15), for misaligned inputs, both skew reduction and energy consumption are inversely proportional to R (R = R av where R 1 = R 2 ).
Inserting a crosslink as far as possible from the input drivers of a section, therefore, increases the value of R and, as a result, reduces the skew while preventing any unnecessary loss of energy.
Another issue is where to insert a crosslink along the branches of a clock tree. Consider reducing the skew between Clk Out1 and Clk Out2 (denoted as skew) by inserting either Crosslink1 or Crosslink2, as shown in Figure 11 . Inserting a crosslink at a higher level will usually achieve less skew reduction at the same energy due to the additional imbalance of loads, resistors, and drivers at the lower levels, affecting the delay.
SPICE simulations (see Figure 12) [3] . Buffer sizing can serve as an alternative to inserting a crosslink. SPICE simulations ( Figure 13 ) have been used to compare crosslink insertion with sizing the driver at one of the branches to compensate for the skew. The simulations show that inserting a crosslink may sometimes dissipate less energy for the same reduction in skew than buffer sizing. Given misaligned inputs (see Figure 13 (b)), crosslink insertion results in lower energy consumption than buffer sizing for a specific skew. Note that speeding up a slow path by enhancing the driving buffer may only compensate a portion of the skew in the model with misaligned inputs. The reduction in skew due to buffer sizing is therefore limited, making zero skew unlikely. For aligned inputs (see Figure 13 (a)), the skew is caused by an unbalanced load (C 1 C 2 ), as well as by different interconnect resistances (R 1 R 2 ) and drivers. In this case, buffer sizing incurs less energy for the same low skew. Note that the energy-skew curve for crosslink insertion depends strongly on the crosslink capacitance which is dependent upon the physical location of Clk Out1 and Clk Out2 . The closer Clk Out1 and Clk Out2 are to each other, the smaller R X and C X are, resulting in a lower crosslink factor and less energy dissipation. 
SUMMARY
Inserting a crosslink is a power efficient method for coping with skew within a buffered clock tree. The tradeoff between energy consumption and skew reduction is investigated based on analytic expressions and simulations, demonstrating that crosslinks with minimal resistance should be used for maximum skew reduction, albeit at a high power. Alternatively, crosslinks with low capacitance should be used for minimal power overhead, traded off for lower skew reduction. Analytic expressions and simulation results can be used to determine the best tradeoff between power and skew based on specific design requirements and constraints. Analytic expressions for the short-circuit current, caused by multiple drivers in buffered non-tree clock networks, have also been developed, showing that inserting a crosslink may be power efficient despite the presence of a short-circuit current. Regarding placement, it is shown that a crosslink should be inserted as close to the clock tree leaves as possible for lower energy consumption. Crosslink insertion should be considered as an alternative or complement to buffer sizing for skew reduction at lower power.
